Abstract Oligaphorurini represent tribe of the subfamily Onychiurinae, which currently comprises 5 genera and 53 species. The present study evaluated the monophyly of Oligaphorurini genera. We investigated phylogenetic relationships among 39 species, representing all extant genera of Oligaphorurini. Both equal-and implied-weighting parsimony analyses were used in phylogenetic reconstruction. The cladistic analyses were based on comprehensive survey of adults' morphological characters because specimens suitable for molecular studies were not available for the majority taxa. The phylogenetic analysis resulted in the recognition of a monophyletic Chribellphorura, and strongly supported nonmonophyly of the previously recognized genera Archaphorura, Dimorphaphorura, Micraphorura, and Oligaphorura. The following new synonymy is recognized: Oligaphorura = Dimorphaphorura syn. nov., = Micraphorura syn. nov., = Archaphorura syn. nov. The general classification of Oligaphorurini is followed by the diagnoses of genera and key to the all known species.
Introduction
The Oligaphorurini comprises 53 species restricted in occurrence to Holarctic Region (Bellinger et al. 2016) . The tribe was established by Bagnall (1949) as a subfamily and characterized by a small postantennal organ with a 3-5 lobed vesicle, the specific structure of the antennal organ, the presence and arrangement of pseudocelli on the head, and the presence/ absence of anal spines. Bagnall divided the tribe into four genera (Archaphorura, Dimorphaphorura, Micraphorura, and Oligaphorura) and presented diagnosis, which did not allow for clear differentiation of genera. Most of twentiethcentury authors have, however, considered all created genera as junior synonyms of Onychiurus Gervais, 1841.
In 1996, four original genera described by Bagnall were recovered by Weiner whereas Pomorski recovered three genera (he has not included Dimorphaphorura into his classification). Both authors, using different approaches (Pomorski studied the first instar juveniles, while Weiner used adults), base their diagnosis on the organization of furcal remnant located in mid-section of fourth abdominal segment. According to these authors, Archaphorura was defined by the absence of anal spines, Dimorphaphorura by furcal remnant in a form of finely granulated area with four dental setae in one row, Micraphorura by furcal remnant in a form of cuticular furrow and two dental setae (= setulae sensu Pomorski) and Oligaphorura by furcal remnant in a form of cuticular fold and four dental setae.
Weiner, in the same work, also established the genus Chribellphorura based on two unique characters: antennal segment IV with apical vesicle and tibiotarsi with clavate setae in distal whorl.
In recent years, it has been described a few new species that have morphological features previously considered to be characteristic of other genera. Shvejonkova and Potapov (2011) Electronic supplementary material The online version of this article (doi:10.1007/s13127-017-0332-8) contains supplementary material, which is available to authorized users.
and Babenko and Fjellberg (2015) described in the genera Micraphorura and Oligaphorura five new species which possess features characteristic for Archaphorura (absence of anal spines) and Dimorphaphorura (furcal rudiment in the form of a finely granulated area).
In this way, all genera lost their diagnostic features. Moreover, none of the authors did not establish the synonyms and did not proposed new generic diagnosis or proposed overlapping diagnosis (Shvejonkova and Potapov 2011) . In this situation, all genera are very poorly or not at all defined and species belonging to the genera is determined subjectively.
Difficulties in the generic classification of the Oligaphorurini are partly a result of the diversity and morphological complexity of the group. The systematic position of Oligaphorurini genera is still in state of flux, and the relatively frequent changes in position of many taxa reflect their unstable classification.
Until now, no comprehensive attempt has been made to resolve the generic concept within Oligaphorurini. Relationships among the genera are largely unknown. Taxonomically, the tribe has changed almost exclusively through the addition of newly described taxa that resulted in various classifications based on dubious assemblages using relatively few characters. The taxonomic characters used in classifications of Oligaphorurini genera are now known to be shared among members of the tribe and may have produced a classification having little phylogenetic basis.
The current study aims to evaluate the validity of Oligaphorurini genera because most of them are vaguely defined and not always based on the presence of derived character states. The analyses were carried out using cladistic methods, with morphology of adult stages as the data source, because specimens suitable for molecular studies were not available for the majority taxa.
Material and methods

Taxon sampling
Thirty-nine species representing all currently recognized genera of the tribe Oligaphorurini were included in this study: two species of Archaphorura (two of three known species), the only known species of Chribellphorura, 17 species of Dimorphaphorura (17 of 20 known species), five species of Micraphorura (five of eight) and 14 species of Oligaphorura (14 of 21). As far as possible, we have examined type specimens in order to ensure the accuracy of names applied to terminal taxa. Sampled species were chosen as to reflect the maximum of morphological diversity within genera and its geographical distribution.
The outgroup consisted of three taxa representing three tribes in the Onychiurinae: Onychiuroides granulosus (Stach 1930) , Thalassaphorura encarpata (Denis 1931) , and Protaphorura eichhorni (Gisin 1954) . The tree was rooted on O. granulosus.
Morphological data
A total of 63 characters were scored for the study taxa, including 36 binary characters and 27 multistate characters (Appendix 1). Autapomorphies were retained in the data matrix (Yeates 1992) , as they might probably become synapomorphies when new taxa are described and taxon sampling improves, but were deactivated for the calculation of ensemble value of consistency index (CI) as proposed by Bryant (1995) . Missing data were coded as B?^in the matrix (Appendix 2). All characters were treated as unordered (Fitch 1971 ) and equally weighted (Wilkinson 1992) .
Characters states were evaluated directly on specimens of majority species, with the exception of species that are either rare in collections or at least unavailable to the authors (Appendix 2). For these species, information was gathered from published descriptions and illustrations.
Specimens were examined and illustrated using a Leica DMLB compound microscope with a drawing tube. Digital microscope images were recorded using a Leica DFC420 digital camera attached to the microscope. Morphological terminology is largely based on Fjellberg (1999) (labial papillae types), Pomorski (1998), and Weiner (1996) (furcal area).
The character matrix was compiled and characters mapped with WinClada ver. 1.00.08 (Nixon 2002) to observe character state transformation on a given tree.
Phylogenetic analysis
The parsimony analyses were conducted in TNT ver. 1.4 (Goloboff et al. 2008 ) using both equal weighting and implied weighting. Trees were searched using a heuristic strategy (Btraditional search^) comprising 1000 replicates of a stepwise addition procedure with random sequence, followed by treebisection-reconnection (TBR) branch swapping of a maximum of 10 trees. The maximum number of trees held was set to 10,000.
The stability of the result in equally weighted maximum parsimony analysis was assessed by performing analyses under implied weighting (Goloboff 1993; Giribet 2003) . Implied weighting in TNT weights the characters according to a concave function of homoplasy (Goloboff 1993) . We used four different concavity factor values (k = 3, 6, 9, 12) to explore the sensitivity of topology under varying weighting conditions. The implied weight searches used the same parsimony options.
Clade supports were assessed based on Bremer support (Bremer 1994 ) and symmetric resampling (Goloboff et al. 2003) . The Bremer support value was calculated by searching suboptimal trees up to 10 steps longer than the shortest one using TBR swapping on the shortest trees. Up to 10,000 suboptimal trees were retained during each turn.
The Symmetric Resampling support calculated the differences in the frequencies of a given group and its most frequent contradictory group (GC). The analyses were run in TNT with the traditional search, using 10,000 replications, change probability of 0.33, two initial Wagner trees, and holding three trees per replicate.
The support methods were employed in both the equal weighting and the implied weighting searches. The synapomorphies were mapped in WinClada onto the most parsimonious tree using an option showing unambiguous changes only.
Results
Maximum parsimony analysis of the morphological dataset under equal weights resulted in two most parsimonious trees with a length of 302 steps (CI = 0.31; RI = 0.61), and the strict consensus and branch support values are shown in Fig. 1 . The strict consensus tree is used as the working hypothesis for oligaphorurines. Autapomorphic or unambiguous synapomorphic morphological changes are presented in Fig. 2 .
Heuristic searches in TNT under implied weighting using the above search parameters found twelve trees for k = 3 and one tree for each remaining k values studied (6, 9, and 12). The consensus tree obtained from the analyses with k = 3 differs considerably from these under equal weights. The impliedweighting cladograms with values of k = 6, 9, and 12 produced similar topologies (Fig. 3) , with a total number of 302 steps, a consistency index of 0.302, and a retention index of 0.60. Although the general topology was consistent among all of the resulting trees, the cladistic relationships varied within the species groups.
According to the results of the phylogenetic analysis, the genus Chribellphorura was confirmed as a monophyletic group although only with moderate support (Figs. 1 and 2 ). In the equal-and implied-weighting parsimony analyses, the genus was supported by the following character states: antennal segment IV with apical vesicle (character 9; unambiguous), antennal organ III with four papillae (character 15; ambiguous), antennal organ III with four guard setae (character 16; unambiguous), thoracic tergite II with two pseudocelli (character 22; ambiguous), thoracic tergite III with two pseudocelli (character 23; ambiguous), abdominal tergite I with two pseudocelli (character 29; ambiguous), tibiotarsi with clavate setae in distal whorl (character 57; unambiguous) .
In the analysis, the remaining Oligaphorurini genera (Archaphorura, Dimorphaphorura, Micraphorura, and O l i g a p h o r u r a ) a p p e a r e d a s n o n -m o n o p h y l e t i c .
Chribellphorura appeared in a basal position within the tribe, with the rest of the genera then arranged in a three clades.
Clade A consists of six species from the genera Oligaphorura, Archaphorura, and Dimorphaphorura (Fig. 1) . This clade was supported by five character states, but only one of which represent unambiguous character change: subcoxa of II and III legs with two to three pseudocelli (character 59) (Fig. 2) .
Clade B comprises all of the Micraphorura species, majority of Oligaphorura and one species of Archaphorura (Fig. 1) . The group was supported by the presence of furcal remnant in a form of cuticular fold or furrow (character 49; ambiguous) ( Fig. 2) .
Clade C is composed of 16 species from the genus Dimorphaphorura (all species except one which falls into clade A) + Oligaphorura groenlandica (Fig. 1) . This clade was supported by the following character states: clubs of sense organ of the third antennal segment differentiated, one granulated and one ribbed (character 12; ambiguous), tibiotarsi with nine setae in distal whorl (character 61, ambiguous) (Fig. 2 ).
Discussion
In this study, the strict consensus tree obtained by the equalweighting analysis was used to infer the phylogenetic relationships among the genera of Oligaphorurini as the topology of the consensus tree did not differ significantly from the implied-weighting trees. Because the main goal was to clarify the monophyly of the currently recognized genera, slight variations in tree topology were not considered important.
Monophyly of Chribellphorura
The Chribellphorura is the only genus recovered in the analysis as monophyletic. This monotypic genus is distinguished by two autapomorphies: antennal segment IV with apical vesicle, antennal organ III with four guard setae and tibiotarsi with clavate setae in distal whorl. However, it did not share with the rest members of Oligaphorurini (except O. ambigua) enlarged antennal segments III and IV which form distinct club (Pomorski 1998 ).
Monophyly of Archaphorura
The monophyly of Archaphorura was not recovered in our study. The genus is composed of three species, two of which w e r e i n c l u d e d i n t h e a n a l y s i s . A rc h a p h o r u r a serratotuberculata, the type species of the genus, is nested within the species of Oligaphorura in the clade B (Fig. 1 (character 11), abdominal tergites V and VI fused dorsally (character 37) (Fig. 2) . The second studied species, Archaphorura marcuzzii, did not share these autapomorphies and was placed in clade A (Fig. 1) . Besides a unique character combination of type species, Archaphorura was also characterized by the absence of anal spines (in contrast to all remaining genera). However, recently described species without anal spines were placed in the genera Oligaphorura and Micraphorura (Shvejonkova and Potapov 2011; Babenko and Fjellberg 2015) thereby depriving genus its main diagnostic feature. In all other respects, especially in the form of furca remnant, it is congruent with the species of Oligaphorura.
Monophyly of Micraphorura and Oligaphorura
The monophyly of these two genera is not supported by the present work. All species of Micraphorura and majority species of Oligaphorura are clustered together within clade B (Fig. 1) . The remaining species of Oligaphorura are placed in clade A and O. groenlandica, the type species of the genus, is placed in clade C (Fig. 1) .
Traditionally, both genera were recognized almost exclusively on the basis of the build of furcal remnant. Oligaphorura was characterized by the presence of cuticular fold and four so-called dental setae arranged in two rows as 2 + 2 (Fig. 4a, b) , whereas Micraphorura has cuticular furrow and two Bdental^setae in one row (Fig. 4c) .
The term Bdental setae^was introduced (Weiner 1996) to describe the setae located on dental area (= cuticular fold) or just behind in first row of manubrial setae (row Bma^) and differing in the size and/or the size of its socket (= setulae according to Pomorski 1996 Pomorski , 1998 . The character was recently debated by Babenko and Fjellberg (2015) , who stated that this feature is subjective and so-called dental setae differ from other sternal setae on abdominal segment 4 only occasionally. Our studies confirm that these setae show intra-and interspecific variability.
The further complications bring recently described species of Oligaphorura and Micraphorura (Shvejonkova and Potapov 2011; Babenko and Fjellberg 2015) which do not have furca reduced to cuticular fold or furrow but small area of fine granulation, feature which is characteristic for Dimorphaphorura. Thus, several different patterns of furcal rudiment can be found among species of these two genera.
Moreover, O. groenlandica, the type species of the Oligaphorura, falls outside of the other sampled species of the genus and is placed together with the members of Dimorphaphorura into clade C (Fig. 1) . Previously, there were some misunderstandings regarding the diagnosis of Oligaphorura presented by Pomorski (1996 Pomorski ( , 1998 , Fjellberg (1998), and Weiner (1996) . This species has furcal area without cuticular fold or deep pocket considered as a characteristic of the genus but an area with fine granulation in anterior third of the abdominal sternum IV (typical for the species of Dimorphaphorura). In the material recently collected on Spitzbergen, we found the specimens with a fine granulated area which the posterior edge seems to be folded with coarser granulation.
Monophyly of Dimorphaphorura
The genus Dimorphaphorura was recovered as nonmonophyletic in both the equal-and implied-weighting parsimony analyses. Although all but one species of Dimorphaphorura are clustered together in clade C, the support for this resolution is low ( Figs. 1 and 2) .
The genus was recovered by Weiner (1996) and recently revised by Weiner and Kaprus' (2014) who provided diagnostic characteristics of the genus. The authors defined it on the base of organization of the furcal area: furcal remnant in a form of finely granulated area with three rows of setae behind and lack of dental setae. The generic status of Dimorphaphorura was recently questioned by Shvejonkova and Potapov (2011) . As mentioned above, all characters used to define genus are variable and scattered in different combination across genera.
Monophyly of Oligaphorurini
As the main objective of this study was to investigate the relationships of Oligaphorurini genera, the taxon sampling of the remaining Onychiurinae tribes is sparse. Nevertheless, the results of our studies allow for some conclusions to be drawn regarding the status of the tribe.
In the equal-and implied-weighting parsimony analyses, the Oligaphorurini was recovered as monophyletic although only with moderate support (Figs. 1 and 2) . The tribe was supported by two unambiguous character changes: postantennal organ composed of one vesicle (character 3) and postantennal organ vesicle divided into three to five lobes (character 4).
Traditionally, Oligaphorurini (as all other tribes of Onychiurinae) have previously been defined by character combination, which mainly include: the shape of postantennal organ, build of sense organ of the third antennal segment, presence/absence of pseudocelli and anal spines, the reduction of furca, chaetotaxy of tibiotarsi, and distribution of sensory setae on the body.
A growing number of the described species with intermediate combinations of features compared to previously known ones makes tribes also becoming less characterized. Most of the morphological characters are variable and segregated First phylogenetic analysis of the tribe Oligaphoruriniacross genera. Some of this features so far considered useful is not working any more. The validity of currently recognized tribes also required detailed studies.
Cladistic analysis of the tribe Oligaphorurini presents some serious problems regarding character discovery and coding. This is compounded by Onychiurinae systematics being generally difficult due to close morphological similarity of species and a paucity of informative characters at this level of classification. The preferred phylogeny is preliminary but can serve as a working hypothesis of the evolutionary relationships within the study groups. Future studies on the phylogeny of Oligaphorurini (and Onychiurinae) should focus on molecular systematics with comprehensive sampling.
Furcal remnant
The reduction of the furca and organization of its elements was considered as one of the most important characters to discriminate between genera of Oligaphorurini. The character was introduced by Weiner (1996) and Pomorski (1996) in their works on systematics of Onychiurinae. According to these authors, the genera maybe recognized as follows: Archaphorura and Oligaphorura possess cuticular fold and four dental setae arranged in two rows as 2 + 2 (Fig. 4a, b) , Micraphorura has cuticular furrow and two dental setae in one row (Fig. 4c) , whereas Dimorphaphorura has furcal remnant as a finely granulated area and is devoid of dental setae (Fig. 4e) . For years, this scheme was widely used in the systematics of Oligaphorurini.
Recently published papers (Shvejonkova and Potapov 2011; Babenko and Fjellberg 2015) , presenting descriptions of new species with furcal features arranged in a different way, caused the collapse of the entire system (see above). Additionally, the latter authors criticize the use of reductional stages of the furca as an almost exclusive diagnostic feature, arguing that similarity in reductional stage may represent a convergence and many collembolan genera cover species with a wide range of furcal reduction.
The results of our study confirm that the furcal remnant seems to have smaller generic value than have been assumed so far. Nevertheless, the construction of furcal area provides Fig. 2 Unambiguous morphological character optimization onto the strict consensus tree. Numbers above and below circles on the branches indicate character numbers and states, respectively. White and black circles represent homoplasious and nonhomoplasious states, respectively First phylogenetic analysis of the tribe Oligaphorurini 625 Fig. 3 Trees obtained under the implied weighting using three concavity values k = 6 (a), 9 (b), and 12 (c) many useful features that can be used successfully at the level of species or groups of species. Although this feature has been used for years in the systematics of Oligaphorurini, there is no uniform pattern of description of this structure. This is particularly evident in recent years when the system was clarified. Different authors use different terminology and classify the individual manubrial setae to different rows. This ensures that the system is less and less comparable.
In this work, we have tried to organize the system, taking into account the recent criticism. The furcal remnant can be divided into dental vestige and manubrial area (Fig. 4a) . The first one is typically located in mid-section of abdominal segment 4 and can be developed as a cuticular fold (Fig. 4a, b, f) , cuticular furrow (Fig. 4c) , or a finely granulated area (Fig. 4d, e) .
The manubrial area is comprised of setae typically arranged in three rows (Fig. 4a) . The mp-row is located just above pseudopore and is defined by the two outer macrosetae. Above it is the mm-row of setae which is defined by two outer Bq^setae (sensu Pomorski 1996) . These two rows may count from four to five (most common) to seven setae (rarely). At the top is a ma-row which can count from two to four setae. The so-called dental setae, because of their variability, are no longer recognized by their size or size of their socket. We decided that the dental setae are only these that are located on the cuticular fold (Fig. 4a) . The dental setae of the second row (regardless of the size), which are typically placed on manubrial area, are here included in the ma-row without naming them as Bdental.^This is a typical arrangement, easily recognizable, and occurs in most species. In some cases, there Fjellberg, 1984 ; c Micraphorura gamae Buşmachiu and Weiner, 2013 ; d Oligaphorura groenlandica (Tullberg, 1876) ; e Dimorphaphorura inya Weiner and Kaprus, 2014; f Protaphorura eichhorni (Gisin, 1954) are additional rows of setae between ma-and mm-rows, which are then referred to as mm'-row(s) (Fig. 4f) . Because these additional rows are often not arranged regularly and often have chaotically multiplied setae, we decided not to assign them to individual rows (ma', mm', mm^, etc.) but treat them all as mm'-row(s).
Taxonomic implications
Based on the present analysis, there are two ways to remedy the classification. One is to simply leave the current fivegenera system, redefine recognized genera, and transfer species to such characterized groups. Unfortunately, such a solution is incompatible with the results obtained by us and contrary to the principle according to which only monophyletic taxa are valid. Furthermore, without the explicit and clear definition of the genera and because of the different views on generic membership of each species, there is a risk that the species will be classified to the different genera subjectively, depending on the point of view of the author. Even now, there are clear differences in views on the classification of species which leads to constant changes in the systematics of Oligaphorurini. In our opinion, the maintenance of the current system will lead to increasing mess in the taxonomy of this group.
It seems to be reasonable to make changes in the systematics of Oligaphorurini and synonymize genera according to the obtained results. Babenko and Fjellberg (2015) stated that pooling of all species of the tribe within a single unit obviously contradicts recent taxonomic traditions. We do not share this opinion. Synonimization may not be the perfect solution but given the current state of our knowledge and the available information, it is a system that will serve best.
The general classification given below includes the oligaphorurines' relationships that result from the analyses discussed above and is followed by the diagnoses of genera and key to the all known species.
Tribe Oligaphorurini Bagnall, 1949 Oligaphorurinae Bagnall, 1949 Type genus: Oligaphorura Bagnall, 1949: 510 Diagnosis. Postantennal organ with one vesicle divided into three to five (six) lobes. Species of minute to moderate size (0.4-1.7 mm) Taxonomic notes. When establishing the Oligaphorurinae (= Oligaphorurini), Bagnall (1949) did not specify the type genus. According to the ICZN (Art. 11.7 and 29), the name should be formed from the stem of an available generic name and the proper suffix. Additionally, the type genus should be both well known and representative of the family-group taxon, not necessarily that having the oldest name (Art. 64). Therefore, in the interest of stability of nomenclature and according to ICZN, the genus Oligaphorura was chosen as type genus for Oligaphorurini.
Genus Chribellphorura Weiner, 1996 Chribellphorura Weiner, 1996 Type species: Onychiurus (Archaphorura) allanae Christiansen and Bellinger, 1980: 405 Diagnosis. Postantennal organ with one vesicle divided into five lobes. Antennal segment IV with apical vesicle, sense organ of the third antennal segment with four papilla and four guard setae. Posterior pseudocelli on the head present. Labial palp of 0-type. Thoracic tergite I with one pseudocellus, tergites II and III with two pseudocelli. Abdominal tergite I with two pseudocelli, furcal remnant as a finely granulated area with three rows of setae posteriorly. Tibiotarsi with clavate setae in distal whorl. Anal spines present.
Genus Diagnosis. Species of minute or moderate size, with small postantennal organ (one vesicle with three to five lobes). Antennal apical vesicle absent. Sense organ of the third antennal segment usually with sensory clubs of different size. Tibiotarsal distal whorl with 11 or fewer (9-5) acuminate setae. Labial palp of different types (ABC, AC, A, ABD). Head with posterior pseudocelli present, thoracic tergum I with (one, rarely more) or without pseudocelli. Furcal remnant as a cuticular fold, cuticular furrow or finely granulated area with three to four manubrial rows of setae, dental setae present (two setae) or absent. Anal spines present or absent.
Key to the species of the tribe Oligaphorurini
Abbreviations used in the key: AIIIO, sense organ of the third antennal segment; Ant, antennal segment; PAO, postantennal organ; Th, thoracic segment; Abd, abdominal segment; pso, pseudocellus/pseudocelli; psx, parapseudocellus/parapseudocelli. Head dorsally with 42 pso ......................................... .... 7 5. Abd. terga I-V with 44463 pso ..alavensis (Simón, 1994) comb. nov. (Kaprus' et al., 2002) comb. nov. 15 . Tibiotarsal distal whorl with nine setae......hackeri Christian, 1986 -Tibiotarsal distal whorl with six setae........daii (Pomorski et al., 1998) .......................................................... (Fjellberg, 1987) (Yosii, 1971) 32. Th. tergum II with s-microsetae (ms), Th. tergum III without s-microsetae (ms) ........ absoloni (Börner, 1901b) -Th. terga II and III with s-microsetae (ms) ............sophyae (Weiner and Kaprus', 2014) comb. nov. Abd. sternum IV with pso .................................. (Nosek and Christian, 1983) 
33.
